Introduction
The excitation phase of the MRI scan produces radio-frequency (RF) electric fields inside the body. Power deposition due to the electric fields in the conductive body medium is quantified with specific absorption rate (SAR) and is kept at a safe level to ensure limited tissue heating. When a patient with a neural implant is scanned, RF fields induce currents on the implant leads. As these currents exit the lead at the implant tip, local SAR is amplified significantly possibly putting the patient's safety at risk.
The implant heating problem was assessed in previous studies (1, 3) . A detailed mathematical analysis of the problem was made in a previous work (4) by solving the bioheat equation. Experimental methods were also developed to measure and monitor the RFinduced currents on metallic leads (5) . Different methods were investigated that are based on modifying the geometry and/or the electrical model of the leads in order to alleviate the local SAR amplification around the implant lead (6, 7) . Although these efforts are generally successful, in most clinical situations device modification is not feasible. Since it's not usually practical to replace a medical device that is already implanted in a patient's body, other solutions may be more advantageous. In a previous work, a method based on the use of linearly polarized birdcage coils (8) was proposed to minimize RF heating at the wire tips. It was shown that RF heating around metallic wires can be reduced by coinciding the implant with the zero-electric field plane of a linear birdcage coil. In a different work (9) , it was also shown that the location of this zero electric field plane can be steered in the angular direction by using a dual-drive excitation. In addition, an optimum dual drive excitation that enables temperature reduction at the lead tip was performed for phantom and animal studies. Although this approach reduced the tip temperature significantly compared to a quadrature excitation, it did not provide a solution to constrain SAR variation elsewhere since the peak local SAR and the global SAR in the body was not controlled.
However, controlling the SAR in the body at locations away from the implant is an important issue. Linear excitation causes higher local and global SAR compared to a quadrature excitation, resulting in longer scan times and reduced performance in an MRI scan for many sequences. In addition, unlike the full pTx solution, the dual drive or linear mode excitation could not be used to optimize flip angle homogeneity. Previously, the optimal dual drive excitation was calculated with the motivation to minimize B1 + perturbation around the lead due to induced currents (9) . This enabled reduction of the tip lead heating; however there were no other degrees of freedom left to control other imaging parameters including peak local SAR, global SAR and flip angle homogeneity. In order to come up with a solution that controls all RF safety parameters simultaneously, the number of degrees of freedom in the optimization problem must be increased. Parallel Transmit (pTx) excitation is thus a natural choice.
Parallel transmit arrays (pTx) are currently investigated to improve RF field homogeneity in high field MRI (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) and to minimize SAR as part of the pulse design process (19) (20) (21) . The central hypothesis of this work is that the additional degrees of freedom of pTx arrays can be used to solve the MRI RF safety problem associated with deep brain stimulation (DBS)implants.
Previous work showed that SAR around metallic implants could be reduced in a uniform phantom model using the implant-friendly modes of an 8 channel transmit array (22) . Parallel transmit null-modes were used to cancel the induced currents on metallic leads in a different work (23) . In this work, we present a pulse design strategy based on using implantfriendly modes. Previously, Butler modes of a pTx coil array were used in a pulse design algorithm for B1 + mitigation (11) . Here we propose a solution that uses pTx in a way that provides the additional security of pseudo-coils with low E-fields near the implant, reducing sensitivity to errors in the exact knowledge of the field. Unlike conventional pTx pulse optimizations, with which we may find ourselves in the position of creating a low E field area by carefully cancelling two high |E| field vectors from two coil elements, we attempt to ensure that only low |E| pseudo-coil basis vectors are used in the cancelation. This situation is intrinsically less sensitive to errors in the basis fields. We refer to these vectors as implant-friendly modes which are generated with specific excitation parameters that reduce the local SAR in the vicinity of the lead tip. A second important consideration is that the implant-friendly modes are determined empirically from the B1 + perturbation visible in low-SAR scanning and thus they can have model-based and experimental validation. Finally, we employ a local SAR constraint RF pulse design (without knowledge of the implant) to achieve the uniform flip angle target and control local SAR elsewhere. We validated this strategy in a uniform cylindrical phantom and a realistic head model simulation containing the DBS lead.
Methods
We simulated the EM fields inside a phantom and a human head model with a generic implant ( Fig. 1 ) due to excitation of an 8 channel loop array. The electric fields and B1 + field per unit excitation voltage are calculated for each loop element. For the phantom simulations, loops consisted of a copper wire (2mm diameter), 20 cm length, and 8 cm in width. The distance between the array and the cylinder was 8 cm. For the head model simulations, loops (20 cm length, and 8 cm in width) were constructed from copper strips (10 mm stripline width, 200 μm thick). Both models used 4 capacitors distributed around the loops to tune the loops at the Larmorfrequency at 3 T (127 MHz) and match the inputs to 50 Ohms at this frequency. The reflection coefficient seen from the excitation ports of all elements were adjusted to a value less than −20dB. All elements were assumed perfectly decoupled in order to simplify EM simulations (each transmit loop was simulated without the presence of the other loops). We used the FEKO EM solver (EMSS-SA) for the phantom simulations. The height and the diameter of the phantom were 16 cm and 25 cm respectively. The values of the conductivity and the relative permittivity of the cylindrical phantom were σ=0.7 S/m and ε r =60 respectively. The field simulation for the phantom used an isotropic resolution of 3mm. The implant was modeled as an insulated copper wire (relative permittivity ε r =3) electrically connected to a copper implant case. The wire diameter and the insulation thickness were 1000μm and 40μm respectively.
Human model simulations were performed with the Finite Difference Time Domain (FDTD) SEMCAD EM Solver (SPEAG-SWITZERLAND) using the virtual family model "DUKE". The model was cropped slightly above the chest but included the neck and the shoulders. The DBS was positioned in the head model similar to a previous work (24) . The metallic implant case was located above the right ear. The implant lead extended subcutaneously and penetrated the skull at the vertex. To model the SAR around the implant, first, the incident field in the implant-free model was calculated. At this stage of the simulation, the DBS was not included in the numerical domain since it would require using a very high resolution for the FDTD calculations and is known to be very sensitive to the precise configuration of the electrodes. The obtained EM solution was interpolated to a uniform isotropic voxel size with a resolution of 2.2 mm. Then this incident field was used to solve for the EM field around the DBS using the Huygens simulation approach (24) . As in the phantom, the DBS was modeled as an insulated copper wire (relative permittivity ε r =3) and electrically connected to a copper implant case. The wire diameter and the insulation thickness were 1000μm and 250μm respectively, with insulation removed at the tip. Isotropic resolution of 100um was used to solve for the EM field around the implant.
Using the individual field solutions obtained from the EM simulations, we generated the electric fields E m and B1 m + from implant-friendly modes as shown below; [1] where E i and B1 i + are the electric fields and B1 + fields generated by unit voltage excitation of each loop elements. α m i are the voltages that should be applied on the i th array element to generate the implant-friendly mode with index m. The specific phase and amplitude relations for α m i are shown in equation 2. [2] Here i is the channel index , N is the number of channels, φ 0 is the steering angle for the field pattern, θ is an additional phase factor introduced to control B1 + perturbation around the tip, m is the mode index and j is √(−1). For a uniform phantom, note that m=1 and θ=0° would produce a current distribution similar to a linearly driven birdcage coil as discussed in a previous work (19) . This excitation would produce a reduced electric field region at φ=φ 0 . The location of this region can be steered in any angular direction by simply changing φ 0 On the other hand linear polarization may not always be sufficient to reduce the implant tip heating. For this purpose an additional phase factor θ was introduced.
Replacing the discrete angular locations of each transmit element with φ in the angular direction, equation 2 can be reduced to [3] which can also be written as [4] Equation 4 suggests that there are null or reduced electric field regions in the cylindrical phantom. Note that similar pattern can also be observed in the head model for different modes as approximately predicted by equation 3.
In the case of multi-channel excitation m is not limited to 1 as it would be in a linear excitation with a dual-drive birdcage coil. By using different m values one can generate different modes of a coil array and take advantage of additional degrees of freedom of multichannel excitation.
In order to minimize the local SAR at the DBS lead tip, B1 + perturbation near the tip should be minimized. For that purpose, the maximum value of B1 + near the lead tip is calculated as a function of φ 0 , as the EM field inside the human head model is steered in an angular direction. In order to accurately calculate the peak B1 + field generated solely due to induced current on the implant lead, the background B1 + due to incident RF field was subtracted. The mean value of the background B1 + is calculated in a square ROI (2cm × 2 cm) 5 cm below the lead tip where the incident B1 + is similar to that which is experienced by the lead. The resulting variation of B1 + is fitted to a simple model as discussed previously (9) .
In order to form the implant-friendly modes, the optimum φ 0 and θ resulting in minimum The implant-friendly modes were used in a spokes pulse design algorithm in order to maximize the flip angle excitation fidelity with hard constraints for global and local SAR (16) . A different number of spokes may as well be used for the pulse design. We aimed for a flip angle homogeneity with NRMSE<5%. To guarantee such a uniform flip angle distribution we used 3 spokes.
We used 10 g SAR and global SAR limits of 10 W/kg and 3.2 W/kg in all pulse calculations. In this optimization, 10 g SAR matrices for each mode were compressed to a smaller set of VOP (Virtual Observation Points) (25) in the implant-free model. For this purpose, we calculated the Q matrices. The Q matrices were then used in the pulse design optimization. While all the components of a 10g SAR map were present, we did not actually form a 10 g SAR map until after the pulse was optimized. After the pulse is designed, we then recalculated the 10g map for visualization purposes. Note that this SAR model did not incorporate the DBS lead and was used solely to control local SAR and global SAR in other regions of the head.
The mode weights, A m , were optimized in the pulse design to generate a uniform flip angle distribution within an axial slice. Each spoke pulse had the same sinc profile (3 lobes, 0.8 ms second duration, a duty cycle of 10%). Pulses were designed to achieve a uniform target flip angle profile of 60 degrees. We aimed for a fairly large flip angle to demonstrate a case where implant heating is a significant problem. Pulse design could also be made for very small flip angles; however in that case the tip SAR would not be a constraining safety factor. However we didn't use higher flip angle values because the pulse design algorithm operated better in small flip angle regime. We chose 60 degrees as an intermediate point to demonstrate the SAR reduction concept.
The locations of the spoke pulses in k space were chosen as explained in a previous work (26) . The first spoke was placed at the origin of the k space. The other two spokes were placed on a circular contour of diameter 1/D (1/m) at various angular locations differing by 45 degrees. Here D is the diameter of the phantom or the average dimension of the cross section of the head. The solution that produced maximum flatness were selected.
After pulse optimization using the implant-friendly modes in the implant-free head, the 10 g SAR was recorded by averaging SAR in the neighborhood of voxels that approximated 10g tissue. The SAR around the implant tip was recorded in 1 g volume using the pulse design solution and the Huygens generated fields around the high-resolution implant model. Also in both phantom and head model, the maximum SAR was observed around the tip of the lead for the lower values of φ 0 but was reduced to below other hotspots by steering φ 0 for the single mode of the transmit array. In both cases excitation with the lowest SAR could be taken as the implant-friendly mode if full confidence could be placed in the electromagnetic model.
Results
In real life applications, it may not always be possible to model the exact implant lead geometry. In that case, we propose tuning the implant-friendly modes by experimentally minimizing the B1 + perturbation around the lead tip using a conservative power level. Figure 3 shows the variation of B1 + perturbation around the lead tip in the DUKE head model with respect to φ 0 (changed between 0° and 180° with an interval of 1° to obtain the B1 + plot). By finding the best solution that fits the B1 + variation around the lead, we were able to calculate the optimal parameters for φ 0 and θ that reduces B1 + perturbation and local SAR near the lead tip. As seen in Figure 3 , mode 1 steered with an angle of −87° and a phase of 309° significantly reduces the B1 + variation around the lead in comparison to the birdcage mode of the array. A similar evaluation was made for all the modes except for mode 4. The optimal φ 0 and θ parameters were calculated as [−87°,309°], [−4.5°,11°] and [−26°, 202°] for mode 1,2 and 3 respectively. Evaluation for mode 4 was not performed since the B1 + contribution due to that mode was significantly smaller than the others. Thus φ 0 = 0°, θ=0° was used for mode 4. Figure 4 shows the local SAR variation around the lead tip in the DUKE head model with respect to φ 0 (changed between 0° and 180° with an interval of 1° to obtain the 1 g average SAR plot). Note that the minimum SAR locations (φ) perfectly coincide with the minimum B1 + locations in the plots in Figure 3 . Figure 4 shows that mode 1 steered with an angle of −87° and a phase of 309° causes 0.0045 W/kg 1 g average SAR near the lead tip. On the other hand the birdcage mode of the array generates 0.2 W/kg of SAR near the tip. Figure 5 shows the local SAR variations due to individual modes with their optimal φ 0 , and θ parameters. Note that for the uniform phantom, each mode has a unique SAR pattern determined by the mode index m. For example, mode 1 has a reduced SAR region at φ=0 and φ=180° whereas mode 2 has reduced SAR regions at φ=0 and φ=90° φ= 180° and φ=270°. This pattern can easily be predicted by looking at the sinusoidal expression for current pattern shown in equation 4. Figure 6 shows the B1 + patterns obtained by individual modes in the phantom and human head models. Note that the mode with the best B1 + uniformity in the axial plane is mode 1. On the other hand the flip angle excitation is not uniform for any of the individual modes.
In order to optimize excitation fidelity, one needs to use all of the implant-friendly modes as part of the SAR-optimized pulse design. Figure 7 shows the flip angle and the SAR distribution in the uniform phantom and the head model obtained by the 3-spokes pulse design. In both cases the algorithm obtained a uniform flip angle profile in the chosen axial plane. The percent RMSE error obtained in the phantom and the head model was 3.1% and 2.6% respectively. The axial plane containing the maximum local 10 g SAR is also shown. The pulse design reduced the SAR at the implant tip to a degree such that the maximum local SAR hotspot occurs elsewhere. The global and peak-local SAR values obtained as a result of pulse design were 1.31 W/kg and 5.51 W/kg for the phantom and 0.48 W/kg and 4.52 W/kg for the head model. In both cases the algorithm guaranteed that safety limits are not exceeded. Finally 1g average SAR is calculated near the implant tip as 0.1 W/kg using the Huygens generated fields around the high-resolution implant model. As a comparison, 1 g average SAR is calculated as 31.2 W/kg for a simple quadrature birdcage excitation performed at the same RF duty-cycle and flip angle without any sort of SAR mitigation.
Discussion and Conclusions
We present a pulse design strategy based on using implant-friendly modes. In this procedure, the experimental study of a patient with a DBS implant would proceed in the following four steps. First, an EM model is chosen that best matches the patient (without the implant present) and is used to calculate the E and B fields in the head-only model. Second, we experimentally determine the implant-friendly modes by measuring the B1+ perturbation around the lead as the two parameters in the mode are adjusted. Since we seek the null in B1+ due to induced current around the tip, and this will be difficult to determine in low SAR scans, we fit a model of the data in the vicinity of the null to estimate the optimal parameters, φ 0 and θ. Third, we form the 4 implant-friendly modes and generate the VOP Q matrices for these modes in the head-only model (no implant). A model of the implant is not needed at the time of the B1+ perturbation measurement since the local SAR generated by the current on the leads is low and the SAR hotspot is away from the leads. Finally, we use these VOP matrices to optimize the pTx pulse for excitation fidelity with constrained global and local SAR in order to control SAR in regions outside of the DBS device. Note that the pulse design does not directly require detailed knowledge of the implant. By limiting the use of detailed implant models in the procedure and relying instead on empirically determined factors, we hope to make the procedure less reliant on an accurate model of the implant. In fact, a comparison beween the SAR results of the phantom and the head model in Figure 2 reflects the effects of modeling the EM problem at low resolution. For the phantom, SAR was calculated at 3mm resolution. For the SEMCAD Duke model SAR maps are calculated with a very fine resolution (100um) using a special tool from the commercial software "Huygens Source" and then averaged over 10mg. This produces a more meaningful estimate of the high SAR near the small tip.
The pulse design strategy described in this work utilizes modes of an array that can individually reduce the SAR around the implant lead. An important consideration is that the implant-friendly modes were determined empirically from the B1 + perturbation visible in lowSAR scanning, thus they can have model-based and experimental validation. B1 + can be canceled completely by steering the field pattern of each mode in an appropriate location and choosing the optimal phase θ.
In practice a low-SAR pre-scan may be performed with a small flip angle excitation. Small flip angle ensures the detection of the signal solely due to induced currents on the lead and not due to excitation of spins with the RF coil. In addition it guarantees patient RF safety. In a previous work, 1 deg flip angle excitation was used with a dual-drive excitation (9) as a pre-scan to experimentally determine the safe excitation mode that reduces lead tip temperature. In a more recent work a concept based on s parameter measurements was used to calculate the pTx null mode of a birdcage coil to reduce the interaction between two ports of the coil and metallic leads in phantoms (27) . Similar pre-scan techniques can be used to experimentally determine the implant friendly modes of a multi-channel pTx array.
The relation between electric fields-SAR and B1 + was investigated previously (28) in complex body models without the presence of an implant. In this work we did not attempt to create maps of the E field of the modes via B1 + maps. Our main goal was to minimize the current on the lead. Flip-angle deviation a few mm away from the wire can easily be converted to a B1 + field (on one side of the wire this extra B1 + adds to the coil's B1 + , creating a higher flip angle, while on the opposite side of the wire it subtracts, creating a lowered flip-angle). Thus the local extrema in the flip angle map occured from the B1 + created by the current along the wire adding or subtracting from the coil's B1 + . Since we were only minimizing this quantity, we did not actually perform the calculation of the current on the wire, but it would be straightforward in principle(5). Our assumption was that by minimizing the RF current on the wire in the formation of the modes, we will be minimizing the current density in the tissue in the immediate vicinity of the tip (based on the assumption that all current must exit the tip, at which point it diverges into the tissue.) We confirmed this assumption with our numerical simulations.
Modes were used instead of the individual coil fields for the pulse design. For this purpose, the contribution of each mode to B1 + needs to be measured. We believe that this should be easier than attempting to optimize all channel currents simultaneously in order to cancel B1 + . Instead one can choose optimal φ 0 and θ for each mode and generate implant-friendly modes. As shown in a previous work (9) , there is always some priori information on what the optimal φ 0 should be. If the location of the DBS is known, then the φ 0 angle that approximates the location of the implant is a good starting point for B1 + perturbation minimization. Therefore one could easily limit the search for an optimal φ 0 in a small interval around the position of the lead rather than searching in the [0°, 180°] interval as discussed in the methods section. For cases where the location of the lead is not known a low flip angle image can be quickly acquired to locate the implant in the head.
We used the four implant friendly modes of an eight channel array to reduce the SAR at the tip of a DBS, and obtain a uniform flip angle distribution with SAR constraints. The minimum number of modes and channels required to achieve these tasks is an important issue that needs to be investigated. For cylindrically arranged arrays (N elements), like the ones discussed, it will always be natural to form N/2 implant-friendly modes. If adding extra array elements (M layers) along the z direction is an option;rings of coils can be placed around the head to contribute N/2 usable modes (per row) giving a total of N*M/2. Note that this configuration will have extra parameters to tune (the relative phase and amplitude between the rows of coils) since it has an extra dimension compared to our example.On the other handincreasing the number of channels that is generally used for ptx isalso an important hardware constraint and has many possible benefits as shown in the previous works discussing the ultimate SAR and effect of adding an extra coil dimension for pTx (29) (30) (31) . However in this work, we did not model enough coil varieties to answer the question of how the performance of the implant-friendly mode approach varies with number of coils.
The pulse design algorithm discussed in this work enabled us to constrain peak local SAR and global SAR. For that purpose one would need to calculate the local and global SAR matrices in an implant free head model which requires a detailed EM model of the patient. Patient models can be obtained from the segmentation of previous MRI scans performed before implantation or by using the closest possible model from a set of models presented in a previous work (32) The implant-friendly modes were generated by finding optimal parameters that minimized the B1 + perturbation around the lead tip. As it was demonstrated with EM simulations, this approach also reduced the tip SAR significantly. In our approach we assumed that the tip of the lead is the most critical point where the SAR should be minimized. Although there could be examples where multiple hot spots may be observed along certain metallic devices (33), multiple hot spots are not expected for the DBS leads that are short compared to wavelength. 10 g averaging was used to calculate local SAR in the implant free model. For each voxel in the body/phantom a neighborhood of voxels that approximates 10g tissue is chosen. Corresponding volume was used to calculate 10g SAR. The use of 10 g averaging is standard for applications that do not include metallic implants. However, for very small conductors such as implant leads and electrodes, 10g averaging may not be appropriate. The heating around the tip of an implant occurs in a very small volume. Therefore we calculated 1g average SAR at the implant tip.
Coupling between the individual coils was not modeled in our EM simulations. Although typically certain amount of inductive coupling exists between the elements of a loop array, these effects can be minimized by using standard decoupling methods. In a real life experiment, the B1 + maps of the modes would be acquired in the presence of any coupling that the coils may have. In that case, the pulse design algorithm would include the effect of coil coupling while maximizing the flip angle homogeneity. Coupling between the elements may also affect the global and local SAR as well. However this problem can also be overcome by calculating the electric fields and the 10 g SAR matrices in the presence of EM coupling as discussed in a previous work (18) .
The proposed method utilized the degrees of freedom of an 8 channel array to enable safer imaging of patients with DBS implants. The increased number of channels in the pTx system enabled control of various safety parameters including global SAR, peak local SAR around the lead and elsewhere. Although clinical pTx systems with more than two channels are currently not available, the potential to safely image patient groups not previously accessible may help justify the cost of more highly parallel pTx hardware.
In this work, we demonstrated a workflow that allows pTx arrays to be used with pulse design optimization to improve RF safety for patients with DBS implants. We validated the performance of the method using electromagnetic modeling of a head + DBS lead + coil geometry. Implant-friendly modes of an 8 channel loop array were used to reduce SAR around a generic DBS implant. The method allowed us to optimize the RF pulses for SAR without having a detailed model of the individual patent's implant geometry. B1 + pattern due to implant-friendly modes of the transmit array are shown in a phantom (left) and the head model (right). Each single mode has a non-uniform B1+ pattern. An appropriate pulse must be designed to obtain a uniform flip angle pattern (see Figure 7) . 
